ABSTRACT A dose-response experiment was conducted to investigate the impacts of dietary threonine (Thr) levels on growth performance, serum biochemical indices, antioxidant capacities, and gut morphology of broiler chickens. Four hundred and thirty-two 1-dold commercial broilers were allocated to 4 treatments consisting of 6 replicates of 18 birds. The experimental treatments received the same Thr-deficient basal diet and were labeled as follows: 85%, 100%, 125%, and 150% of NRC (1994) The concentrations of total protein (TP) and globulin (GLO) increased quadratically with increasing Thr level, and the highest concentrations of TP and GLO were obtained at the 125% Thr level. Moreover, the plasma uric acid (UA) concentration decreased linearly or quadratically with the increase in dietary Thr level. Likewise, the serum glutathione peroxidase (GSH-Px) and total superoxide dismutases (T-SOD) activities increased quadratically as dietary Thr increased, and the highest activity of GSH-Px was obtained at the 125% Thr level, while the highest T-SOD level occurred in the 100% Thr group. Gut morphology of birds showed significant response to different graded concentrations of Thr level. Villus height (VH), crypt depth (CD), and VH:CD ratio (VH/CD) were increased linearly or quadratically by Thr supplementation. Therefore, the present study suggests that the NRC (1994) recommendations Thr level that was optimum for growth performance, and 125% of the NRC (1994) recommendations Thr level had better effects on biochemical indices, antioxidant function, and gut morphology of broilers.
INTRODUCTION
Amino acids have a central role in the defense mechanisms since they are involved in the synthesis of an array of proteins such as antibodies and in the control of key immune regulatory pathways. Some indispensable amino acids are important regulators of key metabolism pathways that are necessary for maintenance, growth, reproduction, and immunity in organisms, thus maximizing efficiency of food utilization, enhancing protein accretion, reducing adiposity, and improving health (Wu, 2009) . Amino acid imbalances, as well as their antagonisms, also could affect nutrient utilization and can have a direct consequence on immune organs and responses (Li et al., 2007) .
Dietary threonine (Thr) is considered as the thirdlimiting amino acid in poultry diets and its deficiency C 2016 Poultry Science Association Inc. Received May 17, 2016. Accepted October 3, 2016. 1 Y. N. Min and S. G. Liu contributed equally to this work. 2 Corresponding author: gaoyupeng112@sina.com could decrease the efficiency of methionine and lysine use (Han et al., 1992; Fernandez et al., 1994; Kidd, 2000) . Also, poultry are not capable of synthesizing Thr de novo, which makes it a nutritionally indispensable amino acid. Thr participates in protein synthesis and its catabolism produces many products important in metabolism. The improvement of growth performance and carcass trait caused by Thr supplementation in diets were reviewed in broilers and turkeys (Kidd and Kerr, 1996) . Dozier et al. (2000) indicated that broilers fed inadequate Thr had decreased live performance, but no effects were apparent on carcass fat. L-Thr is added to the diet of pigs and poultry in order to exactly match the dietary amino acid balance to the unique nutritional requirements of the animal (Rezaeipour et al., 2012) . Among indispensable amino acid, Thr is extracted in greater proportion by the small intestine in mammals, suggesting that Thr is involved in intestinal functionality and maintenance (Stoll et al., 1998b; van der Schoor et al., 2007) . It has been reported that Thr is an important component of mucus (40% of protein in mucus glycoproteins) in the digestive tract (Carlstedt et al., 1993; Corzo et al., 2007) . Mucins are not highly digestible and the associated Thr cannot be recovered.
Previous reports on the Thr requirements of poultry (Rosa et al., 2001; Shan et al., 2003; Ahmadi and Golian, 2010; Xie et al., 2014) were conducted, however, less information is available on the effects of dietary Thr level on the serum biochemical indices, antioxidant capacities, and intestinal morphology of broilers.
The objective of the present study was to evaluate the effects of dietary Thr level on growth performance, serum biochemical indices, antioxidant capacity, and intestinal morphology of broilers.
MATERIALS AND METHODS

Experimental Design and Bird Husbandry
A total of 432 1-day-old broilers (Arbor Acre) obtained from a local commercial hatchery were randomly assigned to 4 treatments consisting of 6 replicates of 18 birds each pen. The average initial body weight did not differ among 4 treatment groups. All birds had ad libitum access to feed and water throughout the study.
For the first 3 d post hatching, a 23L:1D lighting schedule was provided. The lighting time was then reduced by 2 h/wk until a photoperiod of 8 h of light/d was reached. Thereafter, it followed a continuous schedule, with lighting intensities of 30 lx from 0 to 7 d of age, 10 lx from 7 to 22 d of age, and 3 lx from 22 to 42 d of age. At 1 d of age, the temperature was set at 33 • C; it was then reduced by 3 • C/wk until reaching 20
• C. All birds were handled in accordance with methods approved by the Animal Care and Use Committee of Northwest A & F University, Yangling, China.
Diets and Feed Analysis
Four dietary Thr experimental diets were formulated in this study to contain 85% (Thr-deficient basal diet), 100%, 125%, and 150% of the current NRC (1994) recommendations. To get the Thr-deficient basal diet, the content of soybean meal was reduced, within practical limits, and that of wheat and peanut meal was added. Graded concentrations of crystalline L-Thr (98.5% Thr) were added to the basal diet to produce other three dietary Thr experimental diets (100, 125, and 150% NRC requirement). Nitrogen and dry matter (DM) in the basal diet were analyzed according to the methods described by AOAC (1998). Crude protein (CP) was determined by multiplying nitrogen by 6.25. The Thr and other amino acid content, except tryptophan, of the basal diet and experimental diets were analyzed by using ion-exchange chromatography with an amino acid analyzer (Hitachi, Inc., Tokyo, Japan) after acid hydrolysis. The tryptophan content of these diets were analyzed by reverse-phase high performance liquid chromatography and fluorimetric detection (Waters, Inc., Milford, CT) after alkali hydrolysis according to the method recommended by Ministry of Agriculture of China (2000) . In the experiment, the wheat and peanut meal was added to achieve the Thr-deficient basal diet, so that in the formulated crude protein level was slightly lower than that of the NRC (1994) requirement for broilers, whereas, the other nutrients met or exceeded the requirement of broilers in NRC (1994) . The ingredient and nutrient composition of the basal diets are presented in Table 1 .
Sample Collection
Average daily weight gain (ADG) and daily feed intake (ADFI) were measured at 21 and 42 day of age. Mortality was checked daily and weighed for adjusting FCR. Five mL of the whole blood were collected to discrete serum, which was stored at −20
• C until analysis. Total superoxide dismutases (T-SOD), glutathione peroxidase (GSH-Px), and malondialdehyde (MDA) were measured using a commercial assay kit (Nanjing Jiancheng Bioengineering Institute, Jiangsu, China). Serum plasma aspartate aminotransferase (AST), alanine aminotransferase (ALT) activities, uric acid (UA), triglyceride (TG), total cholesterol (TC), total protein (TP), albumin (ALB), and globulin (GLO) were analyzed using automatic biochemical analyzer (HATICHI 7180, Japan) .
At 21 d and 42 d of age, two broilers from each of 4 treatments within 6 replications were randomly selected for slaughtering, duodenum, jejunum, and ileum were separated and washed with 0.9% NaCl solution, then 2 cm samples were preserved in 10% formaldehyde fixing solution. Tissue samples for the morphometric study were dehydrated and embedded in paraffin, sectioned at 4 μm, and stained with hematoxylin and eosin. Morphometric measurements were performed with a light digital microscope. Villus height (VH) and crypt depth (CD) were measured. Measurements were taken in 10-well-oriented villi and crypts for each intestinal section of each bird. The VH and CD were measured using a linear ocular micrometer (Olympus, Microplanet). VH/CD was calculated by dividing VH by CD. All morphometric analysis was done by the same person, who was blind to the treatments.
Statistical Analyses
Data were analyzed using One-way ANOVA of SPSS22.0 (SPSS software for Windows, release 22.0, SPSS Inc., Chicago, IL). Tukey's test was used for multiple comparisons, and orthogonal polynomials were used to test linear, quadratic, and cubic responses for increasing levels of Thr in the diet. Significance was declared at P < 0.05.
RESULTS
Growth Performance
As shown in Table 2 , on days 0 to 21, dietary Thr level had no significant influence on ADG and ADFI (P > 0.05), however, the FCR of these birds decreased quadratically or cubically (P < 0.05) as dietary Thr increase from 85% to 150%. On days 22 to 42, the ADG increased quadratically or cubically (P < 0.05) as the inclusion of Thr increased, while dietary Thr level had no significant effect on ADG and FCR (P > 0.05). On days 0 to 42, the ADG increased quadratically or cubically (P < 0.05) with the increase of Thr. FCR was significantly (quadratic effect P < 0.05) improved by supplementing Thr with the highest feed efficiency observed at the 100% Thr level.
Serum Biochemical Indices
As presented in Table 3 , on d 21, plasma ALT activity increased linearly or cubically (P < 0.05), while the plasma UA concentration decreased linearly or quadratically (P < 0.05) with the addition of dietary Thr. In addition, the GLO concentration increased linearly or quadratically (P < 0.05) as the inclusion of Thr increased. However, plasma AST activity, serum TC, TG, TP, ALB, and A/G were not affected (P > 0.05) by dietary treatments.
On d 42, the activities of ALT increased linearly or quadratically (P < 0.05), while the AST activity increased quadratically (P < 0.05) as the inclusion of Thr increased. The plasma UA concentration increased linearly (P < 0.05) and the lowest plasma UA concentration was found in 100% Thr level. However, there were no statistically significant differences among treatments regarding to serum TC and TG concentrations amongst 4 groups (P > 0.05). On the contrary, the concentrations of TP and GLO increased quadratically (P < 0.05) with increasing Thr level, and the highest concentrations of TP and GLO were obtained in 125% Thr level. Birds fed with 4 different Thr levels had similar serum ALB and A/G (P > 0.05).
Antioxidant Capacity
On d 21, there were no significant differences among treatments regarding serum MDA concentration and T-SOD activity (P > 0.05). On the other hand, the serum GSH-Px activity increased quadratically (P < 0.05) with the increasing inclusion of Thr (Table 4) .
On d 42, there was no significant difference (P > 0.05) on serum MDA among treatments. However, the serum GSH-Px and T-SOD activities increased quadratically (P < 0.05) as dietary Thr increased, and the highest activity of GSH-Px was obtained in 125% Thr level, while the highest T-SOD levels occurred in the 100% Thr group.
Gut Morphology
As shown in Figure 1 , on d 21, there were no statistically significant differences among treatments regarding to VH of ileum, CD of jejunum and ileum, VH/CD of duodenum and ileum. On the contrary, the VH of duodenum and jejunum increased linearly (P < 0.05) as dietary Thr increased, and CD of jejunum, VH/CD of ileum also showed similar increasing trend in this instance.
On d 42, the VH of duodenum increased quadratically (P < 0.05) with the highest of duodenum VH obtained in 125% Thr level. However, there had no effect on VH of jejunum and ileum (P > 0.05). The CD of duodenum increased cubically (P < 0.05), while the jejunum CD increased linearly, quadratically or cubically (P < 0.05) with the increasing inclusion of Thr. In addition, the VH/CD of duodenum increased quadratically (P < 0.05) by increasing inclusion of Thr in the diet, and the highest duodenum VH/CD was obtained Means with different superscripts within the same row differ significantly (P < 0.05). 1 SEM, standard error of means (n = 6). 2 Probability of a significant effect of treatment (T), or linear (L), quadratic (Q), and Cubic (C) orthogonal contrasts for dietary Thr level.
in 125% Thr level. VH/CD of duodenum and jejunum were not significantly affected by the dietary Thr level (P > 0.05).
DISCUSSION
In the experiment, the wheat and peanut meal was added to achieve the Thr-deficient basal diet (85% NRC requirement), so that in the formulated crude protein level was slightly lower than that of the NRC (1994) requirement for broilers. However, the formulated levels of lysine and methionine were higher than that of the NRC (1994) requirement for broilers. The higher ratios of lysine to protein and methionine to protein in the formulated diets made Thr the first limiting amino acid, so the observed responses were due to the increased Thr concentrations.
In this study, dietary Thr supplementation had no significant effect on ADFI, which is consistent with Dozier et al. (2000) and Eftekhari et al. (2015) , but different from Zaefarian et al. (2008) . Nevertheless, in the present study, ADG and FCR were significantly influenced by the dietary Thr levels. Our study agrees with Shirzadegan et al. (2015) , who found that during the grower period and whole experiment period, birds fed with 0.75% dietary Thr had higher body weight gain than that of 0 0.5% dietary Thr level, moreover, no significant difference was noticed among the 1.0% dietary Thr level and other treatments for body weight gain over the whole experiment. Also, Ishibashi et al. (1998) found that feed consumption increased and then decreased linearly as dietary Thr increased. Gomez and Angeles (2009) reported that feed consumption was lower in layers fed a diet with 0.48% digestible Thr compared with those fed 0.42 or 0.54% digestible Thr.
In fact, the results show that higher Thr supplementation in diet than NRC recommendation does not induce any significant improves in ADG and FCR. The reduction in ADG and FCR with an excess dietary Thr level might be due to disturbance of absorption and utilization of other amino acids, extra energy expenditure for deamination, or toxic effects and stress. Additionally, in rapidly growing tissues of young pigs, either an excess and/or a deficiency of dietary Thr decreased protein synthesis (Wang et al., 2007) , which elucidates a mechanism for the low growth performance of animals fed a Thr-imbalanced diet.
Analysis of hematological parameters could help to evaluate the general health status of animals. The plasma AST, as well as ALT usually were used to establish the tissue damage of the liver and kidney (Yamamoto, 1981) . AST and ALT are known to play a key role in mobilizing L-amino acids for gluconeogenesis and functions as link between carbohydrate and protein metabolism under altered physiological condition (Gao et al., 2014) . Plasma AST and ALT activities were significantly influenced by imbalanced dietary Thr. In the present study, plasma AST and ALT activities were higher in groups fed the diet containing higher Thr compared to the Thr deficiency diet groups, which may be due to the metabolism of spare amino acid. However, Valizade et al. (2016) demonstrated that there was no significant negative effect of highest examined Thr level on serum AST in male broiler chickens. On the other hand, Habte-Tsion et al. (2015) and Gao et al. (2014) found that plasma AST and ALT activities were significantly influenced by imbalanced dietary Thr and the highest activities were obtained in fish fed with excess (2.58%) dietary Thr level. In addition, Chen et al. (2016a) reported that higher dietary branchedchain amino acids significantly increasing serum AST concentration in chickens. Further studies deserve to be carried out to extend these findings. Miles and Featherston (1974) found plasma UA content to be an accurate indicator for determination of chicken's amino acid requirement. Wang et al. (2006) found that as the intake of true ileal digestible Thr further increased from 5.0 to 6.6 g/day, serum urea nitrogen concentrations appeared to also increase. Gong et al. (2005) also reported that serum UA levels will increase when one or several amino acids are deficient or in excess. In our study, the chicken's plasma uric acid content decreased and then increased as dietary Thr level increased, with the plasma UA content being the lowest when dietary Thr level was 100% NRC (1994) requirement for broilers. This agreed with the change in body weight gain. While there were no differences among treatments for plasma TC and TG.
TP contains ALB and α-, β-, and γ-GLO (Lumeij, 1997) , hence, high concentrations of TP are associated with significant increases in levels of serum ALB and GLO (Hunt and Hunsaker, 1965) . Thr is a major component of plasma γ-GLO in poultry, rabbits and human beings (Tenenhouse and Deutsch, 1966) . Bhargava et al. (1971) observed that the antibody titer of chicks increased as the dietary Thr was increased. Optimum performance was reached at 7 g/kg Thr, but a higher Thr level was needed for adequate antibody production. A low antibody titer appeared when chicks consumed a diet containing a low level of Thr inadequate for production of γ-GLO. In the current study, the serum TP, GLO concentration were significantly influenced by imbalanced dietary Thr level.
MDA, T-SOD, and GSH-Px are the main parameters of assessing oxidative status in the enzymatic system. Meanwhile, immune function is closely related to antioxidant function which can be a vital index of immune function to some extent. In the present study, plasma SOD, and GSH-Px were significantly influenced by the deficiency and/or excess dietary Thr level, while there had no effect on serum MDA. Azzam et al. (2012) reported that L-Thr supplementation had no effect on serum MDA, GSH, and GSH-Px, but significantly influenced plasma T-SOD activity. However, Chen et al. (2016b) found that a higher level of Thr supplementation (3 g/kg) reduced MDA content in the serum. Further studies deserve to be conducted to extend these findings.
Thr also plays a critical role with regard to intestinal mucosa and about 60% of Thr is retained by the gut, with approximately 80% of the retained Thr being utilized by enterocytes (Stoll et al., 1998a) . The change in intestinal mucin dynamics in broilers caused by dietary Thr might indicate the potential effects of Thr on intestine development in broilers (Horn et al., 2009 ). Our results corroborate Zaefarian et al. (2008) and de Barros Moreira Filho et al. (2015) , who reported a positive effect of Thr supplementation on villus height, epithelial thickness, number of goblet cells, and CD in the three segments of the small intestine. Also, some researchers have reported a negative effect of Thr deficiency on intestinal VH (Hamard et al., 2007; Law et al., 2007; Chee et al., 2010) , indicating that adequate dietary levels of Thr are critical for maintaining the intestinal structure. Chee et al. (2010) and Ospina-Rojas et al. (2013) found that birds fed on low-Thr diets had shorter villi and lower VH/CD than those receiving adequate Thr diets, but the morphometry of the intestinal epithelium did not differ from birds fed the adequate and excess Thr diets. Chen et al. (2016b) found that the inclusion of Thr especially at the level of 3 g/kg increased VH in the ileum, and the ratio of VH to CD in jejunum and ileum. In the present study, the gut morphology of broilers showed significant response to increasing dietary Thr from a deficient to an adequate concentration, however, birds fed on excess Thr diets had shorter villi and lower CD than those receiving adequate Thr diets. It is known that crypt development is essential to increase cell renewal rate and maturation in the gut (Geyra et al., 2001) . The increase in CD of chicken supplemented with Thr might provide more surface area for nutrient absorption by increasing enterocyte proliferation and intestinal mucin secretion because mucin-producing goblet cells are present mainly in the crypts (Tsirtsikos et al., 2012) . The improvement in intestinal morphology caused by increasing dietary Thr provided another explanation to the fast growth of broilers given Thr-adequate diets in the present study because increasing VH and CD could result in increasing villus surface area, enterocyte proliferation, intestinal mucin secretion, and better nutrient absorption.
In conclusion, the NRC (1994) recommendations Thr level that was optimum for growth performance, and 125% of the NRC (1994) recommendations Thr level had better effects on biochemical indices, antioxidant function, and gut morphology of broilers. On the other hand, both deficiency and excess of dietary Thr have an adverse effect. As Thr supply is critical for maintaining antioxidant function and gut morphology, the use of Thr for these two aspects should be considered beyond only ADG and FCR for optimal productive responses. Further research is needed to understand how Thr affects the gut morphology, intestinal mucin secretion, mucin barrier and nutrient retention.
